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FIG. 8
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FIG. 9
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FIG. 10
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1
TEST DEVICES AND TEST SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 USC § 119 to

Korean Patent Application No. 10-20135-0116264, filed on
Aug. 18, 2015 in the Korean Intellectual Property Oflice
(KIPO), the contents of which are herein incorporated by
reference in 1ts entirety.

BACKGROUND

1. Field

Example embodiments relate to testing of semiconductor
devices, and more particularly to test devices, which per-
form an electrical test of semiconductor devices, and/or test
systems, which include the test devices.

2. Description of the Related Art

A semiconductor test device 1s an automated device,
which combines hardware and software functionalities for
performing an electrical test of a semiconductor device.

Storage capacity of semiconductor devices, such as
dynamic random access memories (DRAMSs), has signifi-
cantly increased 1n recent years. As the storage capacity of
semiconductor devices increases, time required to perform
clectrical tests on the semiconductor devices also increases.

SUMMARY

Example embodiments of inventive concepts are directed
towards providing test devices having increased test speeds.

Example embodiments of inventive concepts are directed
towards providing test systems including test devices.

According to at least some example embodiments, a test
device includes a storage device, a data driver, a comparison
circuit, an analysis circuit, and a controller. The storage
device may store a test sequence. The controller may gen-
erate a test code having n-bits based on the stored test
sequence, n being an mteger greater than or equal to two.
The data driver may output one of first through (2 n)-th input
voltages through a data pin to a device under test as a test
signal, the first through (2"n)-th input voltages based on the
test code generated by the controller. The comparison circuit
may generate first through (2 n)-th comparison signals based
on a comparison between a received test result signal and
each of first through (2'n)-th comparison voltages. The
analysis circuit may generate a test result code having n-bits
based on the first through (2 n)-th comparison signals gen-
erated by the comparison circuit. The controller may further
determine a corrupt area of the device under test based on
the n-bits of the test result code.

In at least example embodiments, the test device may
turther include a voltage generator, which may be config-
ured to generate the first through (2 n)-th input voltages and
the first through (2"n)-th comparison voltages.

In at least some example embodiments, the first through
(2'n)-th mput voltages may include first through (2" (n-1))-
th high input voltages and first through (2°(n-1))-th low

input voltages, and the first through (2'n)-th comparison
voltages may include first through (2°(n-1))-th high com-
parison voltages and first through (2" (n-1))-th low compari-

son voltages. The k-th of the first through (2" (n-1))-th high
comparison voltages may be lower than a k-th high mput

voltage, and the k-th of the first through (2" (n-1))-th low
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2

comparison voltages may be higher than a k-th low 1nput
voltage. Here, k 1s a positive integer less than equal to
2 (n-1).

The first through (2" (n-1))-th high input voltages may be
different from each other by a first voltage diflerence, the
first through (2" (n-1))-th low input voltages may be differ-
ent from each other by a second voltage difference, the first
through (2" (n-1))-th high comparison voltages may be dif-
terent from each other by a third Voltage difference, and the
first through (2" (n-1))-th low comparison Voltages may be
different from each other by a fourth voltage difference.

The comparison circuit may include first through (2 (n-

1))-th high comparators and first through (2" (n-1))-th low
comparators. The k-th of the first through (2" (n-1))-th high
comparator may output a k-th of the first through (2" (n-1))-
th high comparison signal having a first logic level when the
test result signal 1s greater than or equal to the k-th high
comparison voltage, and output the k-th high comparison
signal having a second logic level when the test result signal
1s lower than the k-th high comparison voltage. The k-th of
the first through (2" (n-1))-th low comparator may output a
k-th of the first through (2"(n—1))-th low comparison signal
having the first logic level when the test result signal 1s less
than or equal to the k-th low comparison voltage, and output
the k-th low comparison 31gnal having the second logic level
when the test result signal 1s higher than the k-th low
comparison voltage. The first through (2'n)-th comparison
signals may include the first through (2 (n-1))-th high
comparison signals and the first through (2°(n-1))-th low
comparison signals.

In at least some example embodiments, the analysis
circuit may include a bufler circuit and a decoder. The butler
circuit may output the first through (2 n)-th determination
signals based on (1) the first through (2'n)-th comparison
signals generated by the comparison circuit, and (i1) an
active strobe signal outputted by the controller. The decoder
may generate the test result code corresponding to a voltage
level of the test result signal based on logic levels of the first
through (2'n)-th determination signals.

In example embodiments, the controller may determine
the corrupt area of the device under test based on a com-
parison between the n-bits of the test result code and the
n-bits of the test code.

The controller 1s further configured to determine the
corrupt area of the device under test 1f a m-th bit of the test
result code 1s different from a m-th bit of the test code. Here,
m 15 a positive mteger less than or equal to n.

In example embodiments, the test device may further

include a drive channel configured to output a command
signal, an address signal, and a clock signal to the device
under test.
The drive channel may include a command driver, an
address driver and a clock driver. The command driver may
be configured to output the command signal to the device
under test via a command pin. The address driver may be
configured to output the address signal to the device under
test via an address pin. The clock driver configured to output
the clock signal to the device under test via a clock pin.

The controller may output a write command and a test
address to the drive channel, and provide the test code to the
data driver. The command signal corresponds to one of a
read command and a write command, the address signal
represents a test address. The controller may be further
configured to output the test code to the data driver, and
receive the test result code from the analysis circuit.

The controller may be further configured to determine the
corrupt area of the device under test 11 a m-th bit of the test
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result code 1s diflerent from a m-th bit of the test code. The
corrupt area corresponds to an address greater than the test
address by (m-1). Here, m 1s a positive integer less than or
equal to n.

According to at least some example embodiments, a test
system 1ncludes a device under test and a test device. The
test device may output one of first through (2 n)-th input
voltages to the device under test as a test signal, the first
through (2"n)-th input voltages based on a test code having
n-bits, n being an integer greater than or equal to two. The
test device may further generate a test result code based on
a comparison between a receirved test result signal and first
(2'n)-th comparison voltages, the test result code having
n-bits, and determine a corrupt area of the device under test
based on the test result code. Here, n 1s an mteger equal to
or greater than two.

In at least some example embodiments, the test device
may include a storage device, a data drniver, a comparison
circuit, an analysis circuit, and a controller. The storage
device may store a test sequence. The controller may gen-
crate the test code by dividing the test sequence received
from the storage device. The data driver may output one of
the first through (2"n)-th input voltages to the device under
test as the test signal based on the test code. The comparison
circuit may compare the test result signal received from the
device under test with each of the first through (2"n)-th
comparison voltages, and generate first through (2°n)-th
comparison signals based on the comparison between the
test result signal and the first through (2'n)-th comparison
signals. The analysis circuit may generate the test result code
based on the first through (2 n)-th comparison signals. The
controller may determine the corrupt area of the device
under test based on each of the n-bits of the test result code
generated by the analysis circuit.

In at least some example embodiments, the test device
may output a first test command and the test signal to the
device under test, and output a second test command to the
device under test. The device under test may generate a test
input code having n-bits based on a voltage level of the test
signal, perform an operation corresponding to the first test
command based on the test mnput code 1f the device under
test receives the first test command. The device under test
may generate a test output code having n-bits by performing
an operation corresponding to the second test command,
generate the test result signal having a voltage level corre-
sponding to the test output code, and output the test result
signal to the test device 11 the device under test recerves the
second test command.

In example embodiments, a test device comprises a data
driver and a controller. The data driver may output a test
signal based on a n-bit test code, the test signal being a
voltage pulse having a first voltage level corresponding to
the n-bit test code. The controller coupled to the data driver,
the controller may generate the n-bit test code and 1dentify
a corrupt area of a device under test based on a comparison
between the n-bit test code and a n-bit test result code, the
n-bit test result code corresponding to a test result signal
output from the device under test in response to the test
signal, the test result signal being a voltage pulse having a
second voltage level corresponding to the n-bit test result
code, n being an integer greater than or equal to two.

According to at least some example embodiments, the test
device may further include a voltage generator coupled to
the data driver. The voltage generator may be configured to
generate a plurality of voltages. The data driver may be
configured to output one of the plurality of voltages as the
test signal based on the n-bit test code.
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The test device may further include an input-output circuit
coupled to the controller. The mput-output circuit may be
configured to generate the n-bit test result code based on a
comparison between the second voltage level of the test
result signal and a plurality of comparison voltages, and
output the n-bit test result code to the controller

The mput-output circuit may include: a comparison cir-
cuit configured to generate a plurality of comparison signals
based on a comparison between the second voltage level of
the test result signal and the plurality of comparison volt-
ages; and an analysis circuit configured to generate the n-bit
test result code based on the plurality of comparison volt-
ages.

The analysis circuit may be configured to generate the
n-bit test result code using a look-up table.

BRIEF DESCRIPTION OF THE DRAWINGS

Inventive concepts will become more apparent from the
description of non-limiting example embodiments 1llus-
trated 1n the accompanying drawings in which like reference
characters refer to like parts throughout the diflerent views,
unless otherwise specified. The drawings are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of mventive concepts. In the drawings:

FIG. 1 1s a block diagram illustrating a test system
according to example embodiments of inventive concepts.

FIG. 2 15 a block diagram illustrating an example embodi-
ment of a test device included in the test system of FIG. 1.

FIG. 3 is a diagram for describing first through (2"n)-th
input voltages, and first through (2'n)-th comparison volt-
ages generated by a voltage generator included in the test
device of FIG. 2.

FIG. 4 1s a diagram for describing example operation of
a data driver included 1n the test device of FIG. 2.

FIG. § 1s a block diagram 1illustrating an example embodi-
ment of a comparison circuit and an analysis circuit included
in the test device of FIG. 2.

FIG. 6 1s a diagram 1illustrating an example of a lookup
table 1included in a decoder of FIG. 5.

FIG. 7 1s a diagram 1illustrating example operation of the
comparison circuit and the analysis circuit of FIG. 5.

FIG. 8 15 a flow chart 1llustrating a method of operating a
test device according to example embodiments.

FIG. 9 15 a flow chart illustrating an example embodiment
of a process of generating first through (2"n)-th comparison
signals of FIG. 8.

FIG. 10 1s a flow chart illustrating an example embodi-
ment of a process of generating a test result code of FIG. 8.

FIG. 11 1s a block diagram illustrating a test system
according to example embodiments.

DETAILED DESCRIPTION

Various example embodiments will be described more
tully with reference to the accompanying drawings, 1n which
some example embodiments are shown. Example embodi-
ments of inventive concepts may, however, be embodied in
many different forms and should not be construed as limited
to the embodiments set forth herein. Rather, these example
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
example embodiments of inventive concepts to those skilled
in the art. Like reference characters and/or numerals 1n the
drawings denote like elements throughout this application,
and thus their description may not be repeated.
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It will be understood that, although the terms “first”,
“second”, etc. may be used herein to describe various
clements, components, regions, and/or sections. These ele-
ments, components, regions, and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, and/or section from
another element, component, region, and/or section. Thus,
for example, a first element, component, region, and/or
section could be termed a second element, component,
region, and/or section; and, similarly, a second element,
component, region, and/or section could be termed a first
clement, component, region, and/or section, without depart-
ing from the scope of example embodiments of mventive
concepts. As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed
items.

It will be understood that when an element 1s referred to
as being “connected” or “coupled” to another element, 1t can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an
clement 1s referred to as being “directly connected” or
“directly coupled” to another element, there are no inter-
vening elements present. Other words used to describe the
relationship between elements should be interpreted 1n a like
fashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” “on” versus “directly on”
etc.).

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of example embodiments of inventive concepts. As
used herein, the singular forms “a,” “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises,” “comprising,” “includes”
and/or “including,” 11 used herein, specily the presence of
stated features, integers, steps, operations, elements, com-
ponents, and/or group thereof, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereotf. Expressions such as “at least one of,” when pre-
ceding a list of elements, modily the entire list of elements
and do not modily the individual elements of the list.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments of mnventive concepts belong.
It will be further understood that terms, such as those defined
in commonly used dictionaries, should be interpreted as
having a meaning that 1s consistent with their meaning in the
context of the relevant art, and will not be interpreted 1n an
idealized or overly formal sense unless expressly so defined
herein.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made to the non-limiting,
example embodiments without departing from the spirit or
scope ol mventive concepts described herein. Thus, 1t 1s
intended that the example embodiments cover the modifi-
cations and variations of the example embodiments provided
they come within the scope of the appended claims and their
equivalents.

Hereinafter, example embodiments of mnventive concepts
will be described with reference to the accompanying draw-
ngs.

FIG. 1 1s a block diagram illustrating a test system 10
according to example embodiments.

Referring to FIG. 1, a test system 10 1includes a test device

100 and a device under test (DUT) 200.
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A command pin 101, an address pin 102, a clock pin 103,
and a data pin 104 of the test device 100 are coupled to a
command pin 201, an address pin 202, a clock pin 203, and
a data pin 204 of the device under test 200, respectively.

In example embodiments, the device under test 200 may
be a semiconductor memory device including, but not lim-
ited to, a dynamic random access memory (DRAM) device,

synchronous DRAM (SDRAM), double data rate SDRAM
(DDR SDRAM), rambus DRAM (RDRAM), synchronous
graphics random-access memory (SGRAM), pseudostatic
RAM (PRAM), static RAM (SRAM), eftc.

The test device 100 may (1) output a command 31gnal
CMD to the device under test 200 through the command pin
101 1in the test device 100 and the command pin 201 in the
device under test 200, (11) output an address signal ADDR to
the device under test 200 via the address pin 102 in the test
device 100 and the address pin 202 1n the device under test
200, and (111) output a clock signal CLK to the device under
test 200 through the clock pin 103 in the test device 100 and
the clock pin 203 in the device under test 200. The test
device 100 may control a test operation on the device under
test 200 based on the command signal CMD, the address
signal ADDR, and the clock signal CLK generated by the
test device 100, and outputted to the device under test 200.

In at least one example embodiment, the test device 100
may output one of first through (2" n)-th input voltages to the
device under test 200 through the data pin 104 1n the test
device 100 and the data pin 204 1n the device under test 200.
The one of first through (2 n)-th input voltages is outputted
by the test device 100 as a test signal (TS) based on a test
code having n-bits. Here, n represents an integer equal to or
greater than two.

The device under test 200 may output a test result signal
(TRS) to the test device 100 through the data pin 204 1n the
device under test 200 and the data pin 104 1n the test device
100. The test result signal (TRS) corresponds to the test
signal (TS).

The test device 100 may generate a test result code having
n-bits by comparing the test result signal (TRS), which 1s
received from the device under test 200 through the data pins
104 and 204, with each of first through (2 n)-th comparison
voltages. Alter comparing the test result signal (TRS) with
each of the (2 'n)-th comparison voltages, the test device 100
may determine a bad area of the device under test 200 based
on the test result code. As discussed herein, a bad area 1s also
referred to as a corrupt area of the device under test.

In at least some example embodiments, the test device

100 may output a first test command, a test address, and the
test signal (TS) to the device under test 200. When the
device under test 200 receives the first test command from
the test device 100, the device under test 200 may generate
a test mnput code having n-bits based on a voltage level of the
test signal (TS). The device under test 200 may further
perform an operation corresponding to the first test com-
mand on an area corresponding to the test address using the
test input code generated by the device under test 200.
For example, 1n at least some example embodiments of
inventive concepts, the first test command may be a write
command. When the first test command 1s the write com-
mand, the device under test 200 may write n-bits of the test
input code to the area corresponding to the test address.
After outputting the first test command, the test device
100 may output a second test command and the test address
to the device under test 200. When the device under test 200
recerves the second test command from the test device 100,
the device under test 200 may (1) generate a test output code
having n-bits by performing an operation corresponding to
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the second test command on the area corresponding to the
test address, (1) generate the test result signal (TRS) based
on the test output code, and (111) provide the test result signal
(TRS) to the test device 100.

For example, i at least some example embodiments of
iventive concepts, the second test command may be a read
command. When the second test command 1s the read
command, the device under test 200 may (1) read data of
n-bits from the area corresponding to the test address to
generate the test output code, (11) generate the test result
signal (I RS) having a voltage level corresponding to the test
output code, and (111) provide the test result signal (TRS) to
the test device 100.

After receiving the test result signal (TRS) from the
device under test 200, the test device 100 may compare the
test result signal (TRS) with each of the first through (2 n)-th
comparison voltages to generate the test result code having
n-bits. The test device 100 may further determine the bad
area of the device under test 200 by comparing n-bits of the
test result code to the n-bits of the test code.

According to at least some example embodiments, when
n-bits of the test result code are the same as n-bits of the test
code, the test device 100 may determine that the area of the
device under test 200 corresponding to the test address 1s not
a bad area.

On the other hand, when the m-th bit of the test result code
1s diflerent from the m-th bit of the test code, the test device
100 may determine a part of the device under test 200, which
corresponds to the m-th bit of the test code, 1s a bad area.
That 1s, for example, the test device 100 may determine a
part of the device under test 200, in which the m-th bit of the
test code 1s written, 1s the bad area. Here, m represents a
positive mteger less than or equal to n.

As described above, 1n the test system 10 according to
example embodiments, the test device 100 may provide the
test signal ('T'S) having a voltage level corresponding to the
test code having n-bits to the device under test 200. The
device under test 200 may (1) generate the test mput code
having n-bits based on the test signal (TS), (1) generate the
test output code having n-bits after performing a test opera-
tion using the test mput code, and (111) output the test result
signal (TRS) having a voltage level corresponding to the test
output code to the test device 100.

Therefore, according to at least some example embodi-
ments, 1n the test system 10, the test operation may be
performed on the device under test 200 using data of n-bits
during one data transfer period. As such, a test time for
testing the device under test 200 may be decreased by 1/n
times.

Although only one device under test 200 1s coupled to the
test device 100 in FIG. 1, example embodiments are not
limited thereto. According to example embodiments, a plu-
rality of devices under test 200 may be coupled to the test
device 100. In this case, the test device 100 may perform the
test operation on the plurality of devices under test 200,
simultaneously, concurrently and/or consecutively.

FIG. 2 1s a block diagram 1llustrating an example embodi-
ment of a test device mncluded 1n the test system of FIG. 1.

Referring to FIG. 2, the test device 100 may include a
storage device 110, a voltage generator 120, a controller 130,
a drive channel 170, and an input-output channel 180.

The controller 130 may output the command signal CMD,
the address signal ADDR, and the clock signal CLK to the
drive channel 170. The drive channel 170 may output the
command signal CMD, the address signal ADDR, and the
clock signal CLK to the device under test 200.
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In at least some example embodiments, the drive channel
170 may include a command dniver DR1 171, an address
driver DR2 172, and a clock driver DR3 173. The command
driver DR1 171 may output the command signal CMD
received from the controller 130 to the device under test 200
through the command pin 101. The address driver DR2 172
may output the address signal ADDR received from the
controller 130 to the device under test 200 through the
address pin 102. The clock driver DR3 173 may output the
clock signal CLK received from the controller 130 to the
device under test 200 through the clock pin 103.

The storage device 110 may store a test sequence T_SEQ
with which the test operation 1s performed on the device
under test 200. In at least some example embodiments, the
storage device 110 may include a non-volatile memory
device, including but not limited to, a tlash memory device.

As shown m FIG. 2, the voltage generator 120 may
generate the first through (2'n)-th input voltages VI1~VI
(2°'n) and the first through (2'n)-th comparison voltages
VO1~VO(2'n). The first through (2'n)-th input voltages
VI1~VI(2'n) may have different voltage levels from each
other, and the first through (2'n)-th comparison voltages
VO1~VO(2 n) may have different voltage levels from each
other.

In at least some example embodiments of mmventive
concepts, the iput-output channel 180 may include a data
driver DR4 140, a comparison circuit 150, and an analysis
circuit 160.

Still referring to FIG. 2, the controller 130 may read the
test sequence T_SEQ from the storage device 110, and
generate the test code T_CODE by dividing the test
sequence T_SEQ 1n a unit of n-bits. The controller 130 may
provide the test code T_CODE to the data driver DR4 140.

The data driver DR4 140 may receive the first through
(2"n)-th input voltages VI1~VI(2'n) from the voltage gen-
erator 120. The data driver 140 may output one of the first
through (2°n)-th input voltages VI1~VI(2'n) through the
data pin 104 to the device under test 200 as the test signal
TS based on the test code T_CODE having n-bits. Therefore,
the test signal TS may have a voltage level corresponding to
the test code T CODE.

The comparison circuit 150 may receive the test result
signal TRS from the device under test 200 through the data
pin 104. In addition, the comparison circuit 150 may receive
the first through (2'n)-th comparison voltages VO1~VO
(2"n) from the voltage generator 120. The comparison circuit
150 may compare the test result signal TRS with each of the
first through (2"n)-th comparison voltages VO1~VO(2'n) to
generate first through (2°n)-th comparison signals.

Still referring to FIG. 2, the analysis circuit 160 may
generate the test result code TR_CODE having n-bits based
on the first through (2" n)-th comparison signals. As a result,
the test result code TR_CODE may be determined based on
a voltage level of the test result signal TRS. In at least some
example embodiments, the analysis circuit 160 may gener-
ate the test result code TR_CODE having n-bits. The analy-
s1s circuit 160 may generate the test result code TR_CODE
based on the first through (2'n)-th comparison signals
received from the comparison circuit 150 when a strobe
signal STR provided by the controller 130 1s activated.

The controller 130 may determine the bad area of the
device under test 200 based on n-bits of the test result code
TR_CODE provided by the analysis circuit 160.

FIG. 3 1s a diagram 1illustrating example first through
(2"n)-th input voltages and first through (2 n)-th comparison
voltages generated by a voltage generator included 1n the

test device of FIG. 2.
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Referring to FIGS. 2 and 3, the first through (2 n)-th input
voltages VI1~VI(2 n) may include first through (2" (n-1))-th
high input voltages VIH1~VIH(2 (n-1)) and first through
(2°(n-1))-th low input voltages VIL1~VIL(2 (n—1)). In
addition, the first through (2'n)-th comparison voltages
VO1~VO(2'n) may include first through (2" (n-1))-th high
comparison voltages VOHI1~VOH(2(n-1)) and first
through (2" (n-1))-th low comparison voltages VOL1~VOL
(2°(n-1)).

Referring to FIG. 3, each of the first through (2" (n-1))-th
high input voltages VIH1~VIH(2 (n-1)) and each of the first
through  (2°(n-1))-th  high  comparison  voltages
VOH1~VOH(2 (n-1)) may be higher than a reference volt-
age VREF. Furthermore, each of the first through (2 (n-1))-
th low input voltages VIL1~VIL(2 (n-1)) and each of the
first through (2°(n-1))-th low comparison voltages
VOL1~VOL(2 (n-1)) may be lower than the reference
voltage VREF.

In at least some example embodiments of inventive
concepts, the reference voltage VREF may correspond to a
voltage level of the data pins 104 and 204 1n the test device
100 and device under test 200, respectively. The test device
100 and the device under test 200 may not communicate data
with each other through the data pins 104 and 204.

In at least some example embodiments of the mventive
concepts, the k-th high comparison voltage VOHkK may be
lower than the k-th high mput voltage VIHK, and the k-th
low comparison voltage VOLK may be higher than the k-th
low 1nput voltage VILK. Here, k represents a positive integer
less than or equal to 2" (n-1).

In addition, the first through (2°(n-1))-th high input
voltages VIH1~VIH(2 (n-1)) may be different from each
other by the same or substantially the same voltage difler-
ence. The first through (2°(n-1))-th low input voltages
VIL1~VIL(2 (n-1)) may be different from each other by the
same or substantially the same voltage difference. The first
through  (2°(n-1))-th  high  comparison  voltages
VOH1~VOH(2 (n-1)) may be different from each other by
the same or substantially the same voltage difference. The
first through (2°(n-1))-th low comparison voltages
VOL1~VOL(2 (n-1)) may be different from each other by
the same or substantially the same voltage diflerence.

FIG. 4 1s a diagram for describing example operation of
a data driver included 1n the test device 100 of FIG. 2.

In FIG. 4, an operation of the data driver DR4 140 1s
illustrated as an example in the case that the test code
T_CODE includes two bits (n=2).

When the test code T CODE includes two bits, the
voltage generator 120 may provide the first high input
voltage VIHI1, the second high input voltage VIH2, the first
low input voltage VIL1, and the second low mput voltage
VIL2 to the data driver DR4 140.

The data driver DR4 140 may output one of the first high
input voltage VIH1, the second high input voltage VIH2, the
first low 1nput voltage VIL1, and the second low input
voltage VIL2 through the data pin 104 to the device under
test 200 as the test signal TS based on the test code T_CODE
received from the controller 130.

For example, as 1llustrated 1n FI1G. 4, the data driver DR4
140 may output the second high mput voltage VIH2 as the
test signal TS when the test code T_CODE 1s 117, output
the first hjg“l input voltage VIHI1 as the test signal TS when
the test code T_CODE 1s “107, output the first low input
voltage VIL as the test signal TS when the test code

T_CODE 1s “01”, and output the second low input voltage
VIL2 as the test signal TS when the test code T_CODRE 1s
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Therefore, the test signal TS that the device under test 200
receives from the data driver DR4 140 may have a voltage
level corresponding to the test code T_CODE, which the
data driver DR4 140 recerved from the controller 130.

The operation of the data driver DR4 140 1illustrated 1n
FIG. 4 1s a non-limiting example of iventive concepts.
According to example embodiments, the voltage level of the
test signal TS outputted by the data driver DR4 140 based on
the test code T_CODE received from the controller 130 may
be defined differently from that illustrated 1n FIG. 4.

FIG. 5 1s a block diagram illustrating a non-limiting
example of a comparison circuit 150 and an analysis circuit
160 included in the test device 100, as shown i1n FIG. 2.

Referring to FIG. 5, the comparison circuit 150 may
include first through (2°(n-1))-th high comparators CMP
151-1~151-2"(n-1) and first through (2" (n-1))-th low com-
parators CMP 152-1~152-2"(n-1).

The first through (2°(n-1))-th high comparators CMP
151-1~151-2"(n-1) may receive the first through (2" (n-1))-
th high comparison voltages VOH1~VOH(2 (n-1)); and the
first through (2" (n—1))-th low comparators CMP 152-1~152-
2(n-1) may receive the first through (2°(n-1))-th low
comparison voltages VOL1~VOL(2 (n-1)). In addition, as
shown 1n FIG. §, the test result signal TRS received from the
device under test 200 by the data dniver DR4 140 may be
received by the first through (2" (n-1))-th high comparators
CMP 151-1~151-2"(n-1) and the first through (2" (n-1))-th
low comparators CMP 152-1~152-2"(n-1).

In at least this example embodiment of inventive con-
cepts, the k-th high comparator CMP 1351-k£ may output a
k-th high comparison signal CMPHk having a first logic
level when the test result signal TRS 1s greater than or equal
to the k-th high comparison voltage VOHKk. The k-th high
comparator CMP 151-%£ may also output the k-th high
comparison signal CMPHKk having a

second logic level
when the test result signal TRS 1s less than the k-th high
comparison voltage VOHKk.

In at least this example embodiment of inventive con-
cepts, the k-th low comparator CMP 152-4may output a k-th
low comparison signal CMPLK having the first logic level
when the test result signal TRS 1s less than or equal to the
k-th low comparison voltage VOLKk. The k-th low compara-
tor 152-k may also output the k-th low comparison signal
CMPLKk having the second logic level when the test result
signal TRS 1s greater than the k-th low comparison voltage
VOLK.

In at least some example embodiments of nventive
concepts, the first logic level may be a logic high level, and
the second logic level may be a logic low level.

The comparison circuit 150 may output (1) the first
through  (2°(n-1))-th  high  comparison  signals
CMPH1~CMPH(2 (n-1)), and (11) the first through (2" (n-
1))-th low comparison signals CMPL1~CMPL(2"(n-1)), to
the analysis circuit 160 as the first through (2'n)-th com-
parison signals. The first through (2" (n-1))-th high compari-
son signals CMPH1~CMPH(2 (n-1)) are generated by the
first through (2°(n-1))-th high comparators CMP 151-
1~151-2"(n-1). The first through (2" (n-1))-th low compari-
son signals CMPL1~CMPL(2 (n-1)) are generated by the
first through (2" (n-1))-th low comparators CMP 152-1~152-
2 (n-1).

In at least some example embodiments of nventive
concepts, the analysis circuit 160 may include a builler

circuit 161 and a decoder 162.
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The buffer circuit 161 may output (1) first through (2" (n-
1))-th high determination signals DETH1~DETH(2 (n-1)),
and (i1) first through (2"(n-1))-th low determination signals
DETL1~DETL(2 (n-1)).

The first through (2" (n-1))-th high determination signals
DETH1~DETH(2 (n-1)) are outputted by the buffer circuit
161 based on (1) the bufler circuit 161 receiving the first
through  (2°(n-1))-th  high  comparison  signals
CMPH1~CMPH(2 (n-1)) from the comparison circuit 150,
and (1) the activated strobe signal STR outputted by the
controller 130 to the buil

er circuit 161.

Similarly, still referring to FIG. 5, the first through (2"
(n—1))-th low determination signals DETL1~DETL(2 (n-
1)) are outputted by the bufler circuit 161 based on (1) the
buffer circuit 161 receiving the first through (2" (n-1))-th low

comparison signals CMPL1~CMPL(2 (n-1)) from the com-

parison circuit 150, and (1) the activated strobe signal STR
outputted by the controller 130 to the bufler circuit 161.

In at least this example embodiment of inventive con-
cepts, the bufler circuit 161 may generate the first through
(2°(n—1))-th high determination signals DETH1~DETH(2"
(n—1)) by sampling the first through (2 (n-1))-th high com-
parison signals CMPH1~CMPH(2 (n-1)) in response to the
strobe signal STR outputted by the controller 130 to the
bufler circuit 161. Likewise, the bufler circuit 161 may
generate the first through (2°(n-1))-th low determination
signals DETL1~DETL(2 (n-1)) by sampling the first
through (2°(n-1))-th  low comparison signals
CMPL1~CMPL(2 (n-1)) in response to the strobe signal
STR outputted by the controller 130 to the bufler circuit 161.

Still referring to FIG. 5, the decoder 162 may generate the
test result code TR_CODE corresponding to a voltage level
of the test result signal TRS based on a logic level of each
of the first through (2"(n-1))-th high determination signals
DETH1~DETH(2 (n-1)), and the first through (2"(n-1))-th
low determination signals DETL1~DETL(2"(n-1)).

In at least some example embodiments of inventive
concepts, the decoder 162 may include a lookup table (LT)
163. The lookup table 163 stores logic levels of the first
through  (2°(n-1))-th  high determination  signals
DETH1~DETH(2 (n-1)), and the first through (2"(n-1))-th
low determination signals DETL1~DETL(2 (n-1)) in asso-
ciation with a value of the test result code TR_CODE. The
decoder 162 may read the test result code TR_CODE
corresponding to logic levels of the first through (2" (n-1))-th
high determination signals DETH1~DETH(2 (n-1)), and
the first through (2 (n-1))-th low determination signals
DETL1~DETL(2 (n-1)) from the lookup table 163. Based
on the reading operation performed by the decoder 162, the
decoder 162 may output the read test result code TR_CODE.

FIG. 6 1llustrates a non-limiting example embodiment of
the lookup table 163 that maybe included in the decoder 162,
of FIG. 5.

In FIG. 6, the lookup table 163 illustrates the case when
the test code T_CODE includes two bits (n=2).

As 1llustrated 1n FIG. 6, the lookup table 163 may define
a value of the test result code TR_CODE according to logic
levels of the first high determination signal DETHI1, the
second high determination signal DETH2, the first low
determination signal DETL1, and the second low determi-
nation signal DETL?2.

For example, the lookup table 163 may define the value
of the test result code TR CODE as “11” when the second
low determination signal DETL2 1s at the logic low level,
the first low determination signal DETL1 1s at the logic low
level, the first high determination signal DETH1 1s at the
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logic hlgh level, and the second high determination signal
DETH2 1s at the logic high level.

As shown i FIG. 6, the lookup table 163 may, for
example, define the value of the test result code TR_CODE
as “10” when the second low determination signal DETL2
1s at the logic low level, the first low determination signal
DETLA1 1s at the logic low level, the first high determination
signal DETHI1 1s at the logic hlgh level, and the second high
determination signal DETH?2 1s at the loglc low level.

Also shown in FIG. 6, the lookup table 163 may, for
example, define the value of the test result code TR_CODE
as “01” when the second low determination signal DETL2
1s at the logic low level, the first low determination signal
DETL1 1s at the logic high level, the first high determination
signal DETHI 1s at the logic low level, and the second high
determination signal DETH2 1s at the logic low level.

Also shown in FIG. 6, the lookup table 163 may, for
example, define the value of the test result code TR_CODE
as “00” when the second low determination signal DETL2
1s at the logic high level, the first low determination signal
DETLA1 1s at the logic hlgh level, the first high determination
signal DE'THI1 1s at the logic low level, and the second high
determination signal DETH2 1s at the logic low level.

FIG. 7 1s a diagram for describing example operation of
the comparison circuit 150 and the analysis circuit 160 of
FIG. 5.

In FIG. 7, an operation of the comparison circuit 150 and
the analysis circuit 160 1s illustrated as an example in the
case that the test code T_CODE includes two bits (n=2).

Heremaftter, the operation of the comparison circuit 150
and the analysis circuit 160 will be described with reference
to FIGS. 5, 6 and 7.

In reference to FIG. 7, at a first time T1 when the strobe
signal STR 1s activated, the test result signal TRS may be
higher than the first high comparison voltage VOH1 and
lower than the second high comparison voltage VOH2. As a
result, (1) the second high comparator CMP 151-2 may
output, the second high comparison signal CMPH2 having
the logic low level to the butler circuit 161, (11) the first high
comparator CMP 151-1 may output the first high compari-
son signal CMPHI1 having the logic high level to the butler
circuit 161, (111) the first low comparator CMP 152-1 may
output the first low comparison signal CMPL1 having the
logic low level to the builer circuit 161, and (1v) the second
low comparator CMP 152-2 may output the second low
comparison signal CMPL2 having the logic low level to the
bufler circuit 161. Based on the receipt of the foregoing
signals from the respective comparator, the bufler circuit
161 may generate the following: (1) the second high deter-
mination signal DETH2 having the logic low level, (11) the
first high determination signal DETH1 having the logic high
level, (111) the first low determination signal DETL1 having
the logic low level, and (1v) the second low determination
signal DETL2 having the logic low level. The foregoing
signals generated by the buller circuit 161 may be outputted
to the decoder 162. Upon receiving the foregoing signals
from the buifler circuit 161, the decoder 162 may generate
the test result code TR_CODE having a value of “107, as
shown 1n the lookup table 163 of FIG. 6.

Still referring to FIG. 7, at a second time T2 when the
strobe signal STR 1s activated, the test result signal TRS may
be lower than the second low comparison voltage VOL2. As
a result, (1) the second high comparator CMP 151-2 may
output the second high comparison signal CMPH2 having
the logic low level to the buller circuit 161, (11) the first high
comparator CMP 151-1 may output the first high compari-
son signal CMPH1 having the logic low level to the builer
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circuit 161, (111) the first low comparator CMP 152-1 may
output the first low comparison signal CMPL1 having the
logic high level to the bufler circuit 161, and (1v) the second
low comparator CMP 152-2 may output the second low
comparison signal CMPL2 having the logic high level to the
bufler circuit 161. Based on the receipt of the foregoing
signals from the respective comparator, the bufler circuit
161 may generate the following: (1) the second high deter-
mination signal DETH2 having the logic low level, (11) the
first high determination signal DETH1 having the logic low
level, (111) the first low determination signal DETL1 having
the logic high level, and (1v) the second low determination
signal DETL2 having the logic high level. The foregoing
signals generated by the buller circuit 161 may be outputted
to the decoder 162. Upon receiving the foregoing signals
from the bufler circuit 161, the decoder 162 may generate
the test result code TR_CODE having a value of “00”, as
shown 1n the lookup table 163 of FIG. 6.

Still referring to FIG. 7, at a third time T3 when the strobe
signal STR 1s activated, the test result signal TRS may be
higher than the second high comparison voltage VOH2. As
a result, (1) the second high comparator CMP 151-2 may
output the second high comparison signal CMPH2 having
the logic high level to the bufler circuit 161, (11) the first high
comparator CMP 151-1 may output the first high compari-
son signal CMPH1 having the logic high level to the butler
circuit 161, (i11) the first low comparator 152-1 may output
the first low comparison signal CMPL1 having the logic low
level to the bufler circuit 161, and (1v) the second low
comparator 152-2 may output the second low comparison
signal CMPL2 having the logic low level to the bufler circuit
161. Based on the receipt of the foregoing signals from the
respective comparator, the bufler circuit 161 may generate
the following: (1) the second high determination signal
DETH2 having the logic high level, (1) the first high
determination signal DETH1 having the logic high level,
(111) the first low determination signal DETL1 having the
logic low level, and (1v) the second low determination signal
DETL2 having the logic low level. Upon receiving the
foregoing signals from the bufler circuit 161, the decoder
162 may generate the test result code TR_CODE having a
value of “117, as shown 1n the lookup table 163 of FIG. 6.

Still referring to FIG. 7, at a fourth time T4 when the
strobe signal STR 1s activated, the test result signal TRS may
be lower than the first low comparison voltage VOL1 and
higher than the second low comparison voltage VOL2. As a
result, (1) the second high comparator CMP 151-2 may
output the second high comparison signal CMPH2 having
the logic low level to the bufler circuit 161, (11) the first high
comparator CMP 151-1 may output the first high compari-
son signal CMPH1 having the logic low level to the builer
circuit 161, (111) the first low comparator CMP 152-1 may
output the first low comparison signal CMPL1 having the
logic high level to the builer circuit 161, and (1v) the second
low comparator CMP 152-2 may output the second low
comparison signal CMPL2 having the logic low level to the
bufler circuit 161. Based on the receipt of the foregoing
signals from the respective comparator, the bufler circuit
161 may generate the following: (1) the second high deter-
mination signal DETH2 having the logic low level, (11) the
first high determination signal DETH1 having the logic low
level, (111) the first low determination signal DETL1 having
the logic hugh level, and (1v) the second low determination
signal DETL2 having the logic low level. Upon receiving
the foregoing signals from the bufler circuit 161, the decoder
162 may generate the test result code TR_CODE having a
value of 017, as shown 1n the lookup table 163 of FIG. 6.

10

15

20

25

30

35

40

45

50

55

60

65

14

The operation of the comparison circuit 150 and the
analysis circuit 160 described above with reference to FIGS.
5, 6, and 7 may be the same or substantially the same in the
case where n 1s greater than two.

Retferring back to FIG. 2, the controller 130 may deter-
mine the bad area of the device under test 200 by comparing
n-bits of the test result code TR _CODE received from the
decoder 162 with n-bits of the test code T_CODE generated
by the controller 130.

Hereinaiter, example operation of the test system 10 waill
be described with reference to FIGS. 1 to 7.

As shown 1 FIGS. 1 and 2, the controller 130 may output

the clock signal CLK to the clock driver DR3 173, and the
clock driver DR3 173 may output the clock signal CLK to
the device under test 200 through the clock pins 103 and
203, provided 1n the test device 100 and the device under test
200, respectively. Therefore, the device under test 200 may
operate 1n synchronization with the clock signal CLK.

The controller 130 may output a write command CMD to
the command driver DR1 171, and output a test address
ADDR to the address driver DR2 172. The command driver
DR1 171 may output the write command CMD to the device
under test 200 through the command pins 101 and 201,
provided 1n the test device 100 and the device under test 200,
respectively. The address driver DR2 172 may output the
test address ADDR to the device under test 200 through the
address pins 102 and 202, provided in the test device 100
and the device under test 200, respectively.

Still 1n reference to FIG. 2, the controller 130 may read
the test sequence T_SE(Q from the storage device 110,
generate the test code T_CODE by dividing the test
sequence T_SEQ 1n units of n-bits, and provide the test code
T CODE to the data driver DR4 140. The data driver DR4
140 may output one of the first through (2°(n-1))-th high
input voltages VIH1~VIH(2 (n-1)) and the first through
(2" (n-1))-th low input voltages VIL1~VIL(2 (n—1)) through
the data pins 104 and 204, provided 1n the test device 100
and the device under test 200, respectively, to the device
under test 200 as the test signal TS based on the test code
T_CODE.

When the device under test 200 receives the write com-
mand CMD {from the test device 100, the device under test
200 may generate the test input code having n-bits based on
a voltage level of the test signal TS. In at least some example
embodiments of mmventive concepts, the device under test
200 may generate the test mput code corresponding to the
test signal TS using the first through (2°(n-1))-th high
comparison voltages VOH1~VOH(2 (n-1)) and the first
through (2" (n-1))-th low comparison voltages VOL1~VOL
(2°(n-1)). In at least some non-limiting example embodi-
ments of inventive concepts, the first through (2"(n-1))-th
high comparison voltages VOH1~VOH(2 (n-1)) and the
first through (2°(n-1))-th low comparison voltages
VOL1~VOL(2 (n-1)) may be outputted by the test device
100 to the device under test 200. In some other non-limiting
example embodiments of 1nventive concepts, the first
through (2°(n-1))-th  high comparison  voltages
VOH1~VOH(2 (n-1)) and the first through (2" (n-1))-th low
comparison voltages VOL1~VOL(2(n-1)) may be inter-
nally generated by the device under test 200. Therefore, the
test input code may be the same as the test code T_CODE.

The device under test 200 may write n-bits of the test
input code 1n an area corresponding to the test address. For
example, the device under test 200 may write each of n-bits
of the test mput code in areas corresponding to addresses
that consecutively increase from the test address.
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Furthermore, the controller 130 may output a read com-
mand CMD to the command driver DR1 171, and output the
test address ADDR to the address driver DR2 172. The
command driver DR1 171 may output the read command
CMD to the device under test 200 through the command pins
101 and 201, provided in the test device 100 and the device
under test 200, respectively. The address driver DR2 172
may output the test address to the device under test 200
through the address pins 102 and 202, provided in the test
device 100 and the device under test 200, respectively.

When the device under test 200 receives the read com-
mand CMD from the test device 100, the device under test
200 may read data of n-bits from the area corresponding to
the test address to generate the test output code, and generate
the test result signal TRS having a voltage level correspond-
ing to the test output code.

In at least some example embodiments of inventive
concepts, the device under test 200 may generate the test
result signal TRS corresponding to the test output code using,
the first through (2" (n-1))-th high input voltages VIH1~VIH
(2°(n-1)) and the first through (2" (n-1))-th low input volt-
ages VIL1~VIL(2 (n-1)).

In at least some example embodiments of inventive

concepts, the device under test 200 may receive the first
through (2°(n-1))-th high input voltages VIH1~VIH(2" (n-
1)) and the first through (2°(n-1))-th low input voltages
VILl-—-—VIL(T(n—l)) from the test device 100.
In at least some example embodiments of inventive
concepts, the first through (2" (n-1))-th high input voltages
VIH1~VIH(2 (n-1)) and the first through (2" (n-1))-th low
input voltages VIL1~VIL(2 (n-1)) may be internally gen-
crated by the device under test 200. The device under test
200 may provide the test result signal TRS to the test device
100 through the data pins 104 and 204, provided 1n the test
device 100 and the device under test 200, respectively.

The comparison circuit 150, as shown in FIG. 5, which 1s

implemented 1n the test device 100, may compare the test
result signal TRS with each of the first through (2" (n-1))-th
high comparison voltages VOH1~VOH(2 (n-1)) and each
of the first through (2" (n-1))-th low comparison voltages
VOL1~VOL(2“(11—1)) Based on this comparison, the com-
parison circuit 150 may generate the first through (2 (n-1))-
th high comparison signals CM. j"Hl--—-CMP‘H(Z (n—1)) and
the first through (2°(n-1))-th low comparison signals
CMPL1~CMPL(2 (n-1)).

The analysis circuit 160, as shown 1 FIG. 5, which 1s
implemented 1n the test device 100, may generate the test
result code TR_CODE based on logic levels of the first
through  (2°(n-1))-th  high  comparison  signals
CMPH1~CMPH(2 (n-1)) and the first through (2"(n-1))-th
low comparison signals CMPL1~CMPL(2" (n-1)).

The controller 130 may determine the bad area of the
device under test 200 by comparing n-bits of the test result
code TR _CODE with n-bits of the test code T CODE,

respectively. For example, when n-bits of the test result code
TR_CODE are the same as n-bits of the test code T _CODE,
the controller 130 may determine that a part of the device
under test 200, which corresponds to the test address, 1s a
good area.

On the other hand, when m-th bit of the test result code
TR CODE 1s different from m-th bit of the test code
T_CODE, the controller 130 may determine that a part of the
device under test 200, which corresponds to an address
greater than the test address by (m-1), as the bad area.

The controller 130, as shown in FIG. 2, maybe imple-
mented using hardware components, a processor executing,
software components, or a combination thereof. Upon
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execution of one or more algorithms, described 1n example
embodiments of nventive concepts, the aforementioned
hardware components, or processor executing software
components, result 1n a special purpose processor. Algo-
rithms, as presented in example embodiments of inventive
concepts, constitute suilicient structure, that may include
mathematical formulas, flow charts, computer code, and/or
necessary steps, which upon execution result 1n a special
purpose computer that 1s programmed to perform the algo-
rithms disclosed in connection with example embodiments
ol 1nventive concepts.

The one or more atorementioned processor(s) are com-
puter processing devices configured to carry out the program
code by performing arithmetical, logical, and 1nput/output
operations. Once a program code 1s loaded into the one or
more processors, the one or more processors may be pro-
grammed to perform the program code, thereby transform-
ing the one or more processors 1to special purpose proces-
sor(s). Alternatively, or in addition to the processors
discussed above, the hardware devices may include one or
more Central Processing Units (CPUs), digital signal pro-
cessors (DSPs), application-specific-integrated-circuits
(ASICs), system on chips (SoCs), field programmable gate
arrays (FPGAs), or the like. In at least some cases, the one
or more CPUs, SoCs, DSPs, ASICs and FPGAs may gen-
crally be referred to as processing circuits, processing cir-
cuitry and/or miCroprocessors.

As described above with reference to FIGS. 1 to 7, the test
device 100 may provide the test signal TS having a voltage
level corresponding to the test code T_CODE having n-bits
to the device under test 200. The device under test 200 may
generate the test mput code having n-bits based on the
received test signal TS from the test device 100. The device
under test 200 may generate the test output code having
n-bits after performing a test operation using the test input
code, and provide the test result signal TRS having a voltage
level corresponding to the test output code to the test device
100.

Therefore, 1n test systems according to at least some
example embodiments, the test operation may be performed
on the device under test using data of n-bits during one data
transier period. As a result, at least some example embodi-
ments of mventive concepts may decrease testing time for
testing the device under test by about 1/n times.

FIG. 8 15 a flow chart 1llustrating a method of operating a
test device according to example embodiments.

The method of operating a test device of FIG. 8 may be
performed by the test device 100 included 1n the test system
10 of FIG. 1. However, example embodiments are not
limited to this example.

Hereinatter, a method of operating the test device 100 waill
be described with reference to FIGS. 1 to 8.

Retferring to FIG. 8, at S100 the test device 100 may
generate the test code T_CODE by dividing the test
sequence T_SEQ 1nto units of n-baits.

At S200, the test device 100 may output one of the first
through (2°n)-th input voltages VI1~VI(2'n) through the
data pins 104 and 204 to the device under test 200 as the test
signal TS based on the test code T_CODE. In at least some
example embodiments, the device under test 200 may be any
kind of semiconductor device capable of performing a write
operation and/or a read operation.

At S300, the device under test 200 may generate the test
result signal TRS corresponding to the test signal TS, and the
test device 100 may receive the test result signal TRS from

the device under test 200 through the data pins 104 and 204.
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At S400, the test device 100 may compare the test result
signal TRS with each of the first through (2"'n)-th compari-
son voltages VO1~VO(2'n) to generate the first through
(2'n)-th comparison signals.

At S500, the test device 100 may generate the test result
code TR_CODE having n-bits based on the first through
(2"n)-th comparison signals.

At S600, the test device 100 may determine the bad area
of the device under test 200 based on n-bits of the test result
code TR CODE.

In at least some example embodiments of inventive
concepts, the first through (2 n)-th input voltages VI1~VI
(2"n) may include the first through (2" (n-1))-th high input
voltages VIH1~VIH(2 (n-1)) and the first through (2" (n-
1))-th low input voltages VIL1~VIL(2 (n-1)), and the first
through (2'n)-th comparison voltages VO1~VO(2 ' n) may
include the first through (2" (n-1))-th high comparison volt-
ages VOH1~VOH(2 (n-1)) and the first through (2" (n-1))-
th low comparison voltages VOL1~VOL(2 (n-1)).

FIG. 9 1s a flow chart illustrating an example embodiment
of a method of generating first through (2 n)-th comparison
signals discussed above with regard to FIG. 8.

Referring to FIG. 9, at S410, the test drive 100 may output
the k-th high comparison signal CMPHKk having the first
logic level when the test result signal TRS 1s greater than or
equal to the k-th high comparison voltage VOHK.

At S420, the test device 100 may output the k-th high
comparison signal CMPHk having the second logic level
when the test result signal TRS 1s less than the k-th high
comparison voltage VOHKk.

At S430, the test device 100 may output the k-th low
comparison signal CMPLK having the first logic level when
the test result signal TRS 1s less than or equal to the k-th low
comparison voltage VOLK.

At S440, the test device 100 may output the k-th low
comparison signal CMPLk having the second logic level
when the test result signal TRS 1s greater than the k-th low
comparison voltage VOLK.

At S450, the test device 100 may output the first through
(2°(n-1))-th high comparison signals CMPH1~CMPH(2"
(n-1)) and the first through (2"(n-1))-th low comparison
signals CMPL1~CMPL(2" (n-1)) as the first through (2 n)-
th comparison signals.

FIG. 10 1s a flow chart illustrating an example embodi-
ment of a method of generating a test result code discussed

above with regard to FIG. 8.
Referring to FIG. 10, at S510, the test device 100 may

output the first through (2"n)-th comparison signals as the
first through (2" n)-th determination signals. The first through
(2"n)-th comparison signals are generated at a time when the
strobe signal STR 1s activated.

At S520, the test device 100 may generate the test result
code TR_CODE corresponding to a voltage level of the test
result signal TRS based on a logic level of each of the first
through (2 n)-th determination signals.

A structure and an operation of the test device 100 are
described above with reference to FIGS. 1 to 7. Therefore,
a more detailed description of the steps of FIGS. 8 to 10 will
be omitted.

FIG. 11 1s a block diagram illustrating a test system
according to example embodiments.

Referring to FIG. 11, a test system 700 may include a test
main frame 710, a test header 720, a probe card 730, a waler
740, and a substrate support 750. The water 740 may include
a plurality of semiconductor devices that are to be tested.
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The test main frame 710 may generate a test signal, and
receive test result signals generated by the semiconductor
devices formed 1n or on the wafer 740.

In at least some example embodiments ol inventive
concepts, the test header 720 may move up and down such
that the probe card 730 may be relatively easily attached to
the test header 720, and the water 740 may be relatively
casily mounted on the substrate support 750. In other
example embodiments of mventive concepts, the substrate
support 750 may move up and down while the test header
720 1s fixed. In still other example embodiments of inventive
concepts, both of the test header 720 and the substrate
support 750 may move up and down. The test main frame
710, the test header 720, and the substrate support 750 may
constitute an automatic test equipment (ATE).

The probe card 730 may include a connector 770 and
probe needles 780. The connector 770 may connect the test
header 720 to the probe card 730, and the probe needles 780
may connect the probe card 730 to pads of the semiconduc-
tor devices formed in the water 740. The probe card 730 may
transmit the test signal to the probe needles 780, which 1s
received through the connector 770. In addition, the probe
card 730 may transmit the test result signals to the connector
770, which are received through the probe needles 780.

The test main frame 710 may be implemented with the
test device 100 included i the test system 10 of FIG. 1, and
cach of the semiconductor devices formed 1n the water 740
may be implemented with the device under test 200 1ncluded
in the test system 10 of FIG. 1. Therefore, as described
above with reference to FIGS. 1 to 10, a test time for testing
the semiconductor devices formed 1n the water 740 of the
test system 700 may be decreased (e.g., eflectively
decreased).

The foregoing 1s 1llustrative of mventive concepts and 1s
not to be construed as limiting thereof. Although a few
example embodiments have been described, those skilled 1n
the art will readily appreciate that many modifications are
possible 1n example embodiments without materially depart-
ing from the novel teachings and advantages of inventive
concepts. Accordingly, all such modifications are intended to
be included within the scope of ventive concepts as
defined in the claims.

It 1s to be understood that example embodiments
described herein should be considered 1n a descriptive sense
only and not for purposes of limitation. Descriptions of
features or aspects within each device or method according
to example embodiments should typically be considered as
available for other similar features or aspects 1n other
devices or methods according to example embodiments.
While some example embodiments have been particularly
shown and described, 1t will be understood by one of
ordinary skill in the art that variations in form and detail may
be made therein without departing from the spirit and scope
of the claims.

What 1s claimed 1s:

1. A test device, comprising;

a storage device configured to store a test sequence;

a controller configured to generate a test code having
n-bits based on the stored test sequence, n being an
integer greater than or equal to two;

a data dniver configured to output one of first through
(2'n)-th input voltages to a device under test as a test
signal, the first through (2 n)-th input voltages based on
the test code generated by the controller;

a comparison circuit configured to generate first through
(2'n)-th comparison signals based on a comparison
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between a received test result signal and each of first
through (2"n)-th comparison voltages; and
an analysis circuit configured to generate a test result code
having n-bits based on the first through (2"n)-th com-
parison signals generated by the comparison circuit,
wherein the controller 1s further configured to determine
a corrupt area of the device under test based on the
n-bits of the test result code,
wherein the first through (2°n)-th input voltages include
first through (2"(n-1))-th high input voltages and first
through (2°(n-1))-th low input voltages,
wherein the first through (2" n)-th comparison voltages
include first through (2" (n-1))-th high comparison volt-
ages and first through (2°(n-1))-th low comparison
voltages,
wherein a k-th of the first through (2"n)-th high compari-
son voltages 1s lower than a k-th of the first through
(2°(n—1))-th high input voltages,
wherein a k-th of the of the first through (2'n)-th low
comparison voltages 1s greater than a k-th of the first
through (2°(n-1))-th low input voltages, and
wherein k 1s a positive integer less than or equal to
2 (n-1).
2. The test device of claim 1, further comprising:
a voltage generator configured to generate the first
through (2°n)-th input voltages and the first through
(2"n)-th comparison voltages.
3. The test device of claim 1, wherein
the first through (2°(n-1))-th high input voltages are
different from each other by a first voltage difference;
the first through (2°(n-1))-th low input voltages are
different from each other by a second voltage difler-
ence;
the first through (2" (n-1))-th high comparison voltages
are different from each other by a third voltage difler-
ence; and
the first through (2" (n-1))-th low comparison voltages are
different from each other by a fourth voltage diflerence.
4. The test device of claim 1, wherein
the first through (2"n)-th comparison signals include the
first through (2" (n-1))-th high comparison signals and
the first through (2" (n-1))-th low comparison signals;
the comparison circuit includes first through (2" (n-1))-th
high comparators and first through (2°(n-1))-th low
comparators;
a k-th of the first through (2 (n-1))-th high comparators is
coniigured to,
output a k-th of the first through (2 (n-1))-th high
comparison signal having a first logic level when the
test result signal 1s greater than or equal to the k-th
high comparison voltage, and

output the k-th high comparison signal having a second
logic level when the test result signal 1s less than the
k-th high comparison voltage; and
a k-th of the first through (2"(n-1))-th low comparator is
configured to,
output a k-th of the first through (2°(n-1))-th low
comparison signals having the first logic level when
the test result signal 1s less than or equal to the k-th
low comparison voltage, and

output the k-th low comparison signal having the
second logic level when the test result signal 1s
greater than the k-th low comparison voltage.

5. The test device of claim 1, wherein the analysis circuit

COmprises:

a buffer circuit configured to output first through (2" n)-th

determination signals based on (1) the first through
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(2'n)-th comparison signals generated by the compari-
son circuit, and (11) an active strobe signal outputted by
the controller; and

a decoder configured to generate the test result code
corresponding to a voltage level of the test result signal
based on logic levels of the first through (2 n)-th
determination signals.

6. The test device of claim 1, wherein the controller is
further configured to determine the corrupt area of the
device under test based on a comparison between the n-bits
of the test result code and the n-bits of the test code.

7. The test device of claim 6, wherein the controller 1s
further configured to determine the corrupt area of the
device under test 1f a m-th bit of the test result code 1s
different from a m-th bit of the test code, m 1s a positive
integer less than or equal to n.

8. The test device of claim 1, further comprising;:

a drive channel configured to output a command signal, an
address signal, and a clock signal to the device under
test; and

wherein the controller 1s further configured to generate the
command signal, the address signal, and the clock
signal.

9. The test device of claim 8, wherein the drive channel

COmprises:

a command driver configured to output the command
signal to the device under test via a command pin;

an address drniver configured to output the address signal
to the device under test via an address pin; and

a clock driver configured to output the clock signal to the
device under test via a clock pin.

10. The test device of claim 8, wherein

the command signal corresponds to one of a read com-
mand and a write command, the address signal repre-
sents a test address; and

the controller 1s further configured to,
output the test code to the data driver, and
receive the test result code from the analysis circuit.

11. The test device of claim 10, wherein

the controller 1s further configured to determine the cor-
rupt area of the device under test if a m-th bit of the test
result code 1s different from a m-th bit of the test code;

the corrupt area corresponds to an address greater than the
test address by (m-1); and

m 15 a positive integer less than or equal to n.

12. A test system, comprising:

a device under test; and

a test device configured to,
output one of first through (2 n)-th input voltages to the
device under test as a test signal, the one of first
through (2"n)-th input voltages based on a test code
having n-bits, n being an integer greater than or equal
{0 two,
generate a test result code based on a comparison
between a test result signal and first through (2 n)-th
comparison voltages, the test result code having
n-bits,
and
determine a corrupt area of the device under test based
on the test result code; wherein
the first through (2"n)-th input voltages include first
through (2" (n-1))-th high input voltages and first
through (2"(n-1))-th low input voltages,
the first through (2'n)-th comparison voltages
include first through (2" (n-1))-th high comparison
voltages and first through (2"(n-1))-th low com-
parison voltages,
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a k-th of the first through (2" (n-1))-th high compari-
son voltages 1s lower than a k-th of the first
through (2°(n-1))-th high input voltages,

a k-th of the first through (2 (n-1))-th low compari-
son voltages 1s greater than a k-th of the first
through (2°(n-1))-th low input voltages, and

k 1s a positive integer less than or equal to 2" (n-1).

13. The test system of claim 12, wherein the test device

turther comprises:

a storage device configured to store a test sequence;

a controller configured to generate the test code by
dividing the test sequence received from the storage
device;

a data drniver configured to output the one of the first
through (2 n)-th input voltages to the device under test
as the test signal based on the test code;

a comparison circuit configured to generate first through
(2'n)-th comparison signals based on a comparison
between the test result signal and the first through
(2'n)-th comparison voltages;

an analysis circuit configured to generate the test result
code based on the first through (2 n)-th comparison
signals; and

wherein the controller i1s further configured to determine
the corrupt area of the device under test based on an
m-th bit of the test result code.

14. The test system of claim 12, wherein

the test device 1s further configured to,
output a first test command and the test signal to the

device under test,

output a second test command to the device under test;
and

the device under test 1s configured to,
generate a test mput code having n-bits based on a

voltage level of the test signal,

perform an operation corresponding to the first test
command based on the test mput code,

generate a test output code having n-bits by perform-
ing an operation corresponding to the second test
command,

generate the test result signal having a voltage level
corresponding to the test output code, and

output the test result signal to the test device.

15. A test device, comprising:

a data driver configured to output a test signal based on a
n-bit test code, the test signal being a first voltage pulse
having a first voltage level corresponding to the n-bit
test code; and

a controller coupled to the data driver, the controller
coniigured to,
generate the n-bit test code, and
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identily a corrupt area of a device under test based on

a comparison between the n-bit test code and a n-bit

test result code, the n-bit test result code based on a

test result signal and a plurality of comparison volt-

ages, the test result signal output from the device
under test 1n response to the test signal, and the test

result signal being a second voltage pulse having a

second voltage level corresponding to the n-bit test

result code, n being an mteger greater than or equal
to two; wherein

the first voltage pulse 1s one of a plurality of mput
voltages,

the plurality of mput voltages include a plurality of
high mput voltages and a plurality of low input
voltages,

the plurality of comparison voltages include a plu-
rality of high comparison voltages and a plurality
of low comparison voltages,

a k-th comparison voltage among the plurality of
high comparison voltages 1s lower than a k-th high
input voltage among the plurality of high input
voltages, and

a k-th low comparison voltage among the plurality of
low comparison voltages 1s greater than a k-th low
iput voltage among the plurality of low mput
voltages.

16. The test device of claim 15, further comprising:

a voltage generator coupled to the data driver, the voltage
generator configured to generate the plurality of mput
voltages.

17. The test device of claim 16, further comprising;:

an 1nput-output circuit coupled to the controller, the
input-output circuit configured to,
generate the n-bit test result code based on a compari-

son between the second voltage level of the test

result signal and the plurality of comparison volt-
ages; and
output the n-bit test result code to the controller.

18. The test device of claim 17, wherein the input-output

circuit comprises:

a comparison circuit configured to generate a plurality of
comparison signals based on a comparison between the
second voltage level of the test result signal and the
plurality of comparison voltages; and

an analysis circuit configured to generate the n-bit test
result code based on the plurality of comparison volt-
ages.

19. The test device of claim 18, wherein the analysis

circuit 1s configured to generate the n-bit test result code

50 using a look-up table.
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